This paper reports on our current effort for applying proba.bilistic path planning techniques to logistics and operation in huge industrial ins1;allations (e.g., power plants). W e shav how the specific domain constraints impose a dedicated software architecture to take advantage of the generality of probabilistic approaches. In addition, such an architecture should be compatible with existing CAD systems making critical the interface issues. W e conclude on three study cases currently under development within the European project MOLOG.
Introduction
Today CAD systems are widely used in manufacturing and more generally to help the operation of complex systems and complex i,asks. They are supported by powerful dedicated software including 3D visualization possibilities, geometric tools and friendly interfaces.
In the framework of logistics of industrial installations, CAD systems provide too13 for the manipulation and storage of plant layout and design information.
Accurate, full color 3D computer models are today available. They can be accessed easily by designers, engineers and project managen,. In highly complex projects like operation, maintenance, building, CAD systems consistently enable dramatic savings in cost and time compared with traditional 2D design methods. These savings can halve the design time and save 15% of the total project cost -worth many millions of dollars on a large project.
MOLOG is a long term research action of the European Esprit program running from 1999 to 2002l.
The objective of the project is tl3 extend the range of CAD systems applications to help the operator in decision making via the integration of new techniques of 'Partners are two academic institutions (LAAS-CNRS and Utrecht University), an end-user (EDE') and a provider of CAD systems (Cadcentre). geometric reasoning, mainly in motion planning and handling task planning.
Several motion plmners are now available from the research community [24, 131. Motion planning applications are emerging t0da.y in various domains such as computer graphics, drugs design, medicine. . . In the context of logistics the challenge is to face highly complex environment models including tens of thousands of objects. Nevertheless the handling devices have few degrees of freedom (usually four). This balance between high geometric complexit y of the models and rather simple kinematics of the handling devices defines the range of the problems that should be addressed within MOLOG. A generic scenario addressed by the project is as follow: an operator should decide whether and how a given hody (e.g., tools, parts, loads.. . ) can be moved from a place to a.nother one by using given transportation machines (e.g., manipulator robots, gantries, mobile platforms.. . ). If necessary, the operator chooses and evaluates by himself the more adapted device for the task. This paper overviews the architecture of the software platform MO ve3D which supports the current research developments conducted at LAAS within MOLOG. After having analyzed the requirements imposed by the application fields (Section 2), the global architecture of MoveYD is presented (Section 3 ) . This architecture is induced by the needs of a generic approach to path planning. It offers a framework for rapidly prototyping and evaluating new algorithms, mainly in the context of the probabilistic approaches [4] . Section 4 presents the set of planning algorithms which are currently implemented. Three examples of real size problems are then commen ted (Section 6).
Therefore the paper does not introduce new algorithms, nor new analysis. It should be viewed as an experience feedback in developing motion planning technology within the context of a well focused application field.
Critical issues in logistics
This section analyzes the constraints imposed by the application field. Some of them deal with technical issues: the problem to be answered is less to provide a new global and self-contained solution to the planning problems than to offer the operator a set of generic tools which have the potential to be integrated within existing CAD systems and to process geometric models which are not necessarily well formated with respect io path planning algorithms. Other constraints deals with inorc theoretical issues: the proposed solutions should be generic and should work for a large class of mechanical systems. With respect to motion planning, the problem is first to extmct only the pertinent information, i.e. the geometric part of the model. Then the geometric data should be I'ormated to be processed by geometric operations, e.g. collision-checking. The function should be filled by a dedicated module, the so called Translator.
On the other hand, a communication protocol should be defined between the motion planners and the CAD system hosting them. This is the role of the a.pplication programmable interface (API) . In addition to the description of the static environment usually present in CAD systems, the API provides the inea.ns to describe mechanical systems (e.g., handling devices), moving bodies (e.g., freights), a path planning probletn (e.g., pick and place configurations). See [9] for a. detailed description of the API developed within MOLOG.
Face geometric complexit y: the data filtering problem Complex industrial installations, like power plants, oil refineries, offshore platforms and ships, use a large extent of space to implement a process wit11 a largc amount of machinery, piping, tanks and other equipment (see Figure 1) . A motion planning task is ofteii localized on a small part of the environment. The role of the Filter is to pre-process the georrielric data basis to extract the only bodies that may interact when searching a collision-free path. The filter either use5 inputs given by the operator (e.g., to constrain the path to lye in a user-defined area) or automatically computes the w orkspace spanned b y the bodies to be moved. Consider for instance a problem of path planning for a mobile platform as illustrated in Figure 4 : in that case, the filter automatically removes all the parts of the environment tha.t cannot interact with the cart (outside the slice defined by two horizontal planes). For the example shown in Figure 5 , the filter reta.ins most of the obstacles for potential collisions with the freight, but determines that no obstacle can collide with the first vertical body of the crane and very few with the second horizontal one. It remains that the filtered model m a y still include a huge number of geometric primitives. It is well known that the most time consuming operation in motion planning are interference detection and collision-checking along a given path.
The algorithms [ll] developed within Move3D for the Interf erence-detector combine techniques proposed in [25] while allowing to process non convex polyhedra together with other volumic primitives (eg. spheres, tubes, torus.. . ) as in [6] . Computation is performed in two stages: selection of possibly colliding pairs based onto simple bounding volumes that approximate the geometry of the objects, and a precise interference detection limited to the pairs selected at the first stage. A hierarchical structure based onto OBB-trees is constructed on top of the convex primitives (or facets), instead of the triangular decomposition required by [la] . This allows to reduce the size of the data structures when facing with large CAD models where most of the objects (eg. piping) are modeled by a collection of simple primitives. Also, CAD systems often group into a same object several components sharing the same seman tic but localized at different places within the scene (eg. one single object may represent the piping part of the installation).
Such components are therefore grouped according to their workspace occupancy to improve the efficacy of the hiera.rchica1 models. The Collision-checker [ll] developed for determining whether a given path is collision-free or not, is current,ly performed by multiple calls to the interference detection algorithms, using a dichotoinic sampling of the path and a non uniform step computed from the distance to the obstacles. Implenien ting such approaches only requires two basic geometric procedures: a steering method to compute admissible paths for a given mechanical system and a collision-checker which is used both to select the nodes of the roadmap and to check whether an admissible pat>h is collision-free or not.
Mec haiiical systems: generic solutions
In most of the applications, collision-checking is problem independent while the steering methods are device dependant. Nonholonomic computes smooth paths for carts [29] or articulated mobile robots [23] as well.
0 Manhattan accounts for t.he constraints to move one degree of freedom at (once. Other methods can be easily integrated into this library. They can also be combined to design more complex steering methods for mechanical systems subject to different motion constraints (e.g. for a mobile manipuhtor, the mobile platform and the manipulator a.re respectively controlled by the Nonholonomic and the Linear methods).
Some inechaiiical systems also require to consider passive joints that can not be directly controlled, but have to follow the motion of other leading joints. In presence of such motion constraints, the steering method only acts onto the leading joints, while the passive ones are computed by dedicated "follow" functions that express the coupling relations. This niechaiiisiii allows to handle systems involving simple closed kinematic chains like 4 dof linkages (e.g. RRPR or 4R) that can be solved efficiently by analytical methods [26] . The right example of Figure 2 shows an hydmulic excavator that contains three RRPR linkages required to model the hydraulic systems, and one 4R linkage for the mechanism con trolling the motion of the bucket.
The same mechanism is also used to account for attachments constraints that appear when a freight has to be handled by a device. An example of such constraint is illustrated by Figure 5 where the freight has to slide on the ground before its reaches its vertical position.
Main tain the operator in the loop: the irkeractivity problem and the U1 The User Interface allows interactions between the CAD system and an operator for specifying the maintenance operation and using the facilities offered by the motion planning tools. It also provides some feedback with the computed solutions. The use of the planning tools should lie as easy as possible since the operator does not know anything about the planning algorithms.
See [lo] for a detailed description of the U1 developed within MOLOG.
.
3 MO ve3D architecture Figure 3 shows the global architecture of the motion planning software. This architecture is derived from the requirements addressed in the previous section. Move3D is coiiiposed of the following set of modules: Geometric tools for filtering the geometric databa.se and inihlizing the interference detection algoritliins only with the part relevant to the specified planning problem. Library of steering methods allowing to compute local paths admissible with respect to the own motion constraints of the mechanical systems inwlved by the planning problem. Planner niodule which contains several algorithms based onto ra,ndornized techniques (see next section) for computing collision-free paths.
Finally, Move3D has its own Developer Interface inodule (not displayed onto the Figure) allowing to call the algorithms and to visualize the solutions independently of any external CAD system.
Motion planners
This inodule currently integrates four of the randomized planning techniques proposed in the literature. Three of them share the underlying concept of the Probaliilistic Roadmap Methods that first construct a road map connecting collision-free configurations picked al, random, and then use this roadmap to quickly answer iniiltiple queries. Basic-PRM is based onto the basic PRM scheme [18] . The search space is uniformly sampled at random. All collision-free samples are added to the roadmap and checked for connections with all connected components. The planner offers the choice between several strategies for selecting the promising nodes inside the components, and allows the tuning of several parameters (adjacency neighborhood, size of the roadmap...).
Vis ib-PRM computes visibility roadniaps [30] that are bipartite graphs defined with two types of nodes: the guards and connectors. Collision-free samples are kept as a new guard node when they cannot be connected to the current roadmap, or as a new connector if they improve the connectivity of the roadmap. The first scene corresponds to the model of a steam generator in a nuclear power plant. The problem is to check the feasibility of moving a non-holonomic cart underneath a steam generator. The path displayed onto the figure was computed by the Visib-PRM planner using the Reed&Shepp [29] steering method to genera.te feasible local paths. The model coritains around 40.000 facets and the construction of the roadmap required a few minutes. After that, queries (including some path smoothing) can be processed in one second.
The industrial installation of the second example is a stabilizer (subset of a plant in chemical industry) modeled by 300.000 facets. The rotating crane (around 1000 facets) has to place a tank inside the metallic structure, starting from an initial position where the tank is horizontally placed onto the ground. Here the steering method procluces Manhattan paths for the crane, while accounting for the constrained motion of the tank which slides onto the ground before it reaches a vertical position.
The third example shows a partial view of the engine room of a nuclear plant. Here, the purpose of the maintenance operation is to repair the water tur- Figure 6 corresponds to the motion of the traveling crane computed to grasp the first element of the pump. For this scene (sa,nie geometric complexity than the stabilizer), the construction of the roadinap took less than ten minutes allwing queries to be processed in a couple of seconds.
Conclusion
The aim of the work reported in this paper is to develop a. general planning software for providing CAD systems with motion planning facilities. The challenge for application fields such as logistics is to face real size problems involving a large class of mechanical systems. This is the direction of the research developments coliducted at LAAS within the MOLOG project. The examples shown in the paper illustrate the kind of problems that can be solved today by the algorithms integrated within MoveSD. It. remains that additional work still needs to be done for improving the efficacy of the planning techniques. Another challenging issue is to develop more sophisticated handling planning algorithms that also support the choice a.nd the use of several handling devices for carrying out objects within an industrial installation. This problem referred to as the manipulation planning problem [2] remains a practical challenge because of its additional complexity, although several promising results [2l, 1, 271 have been recently obtained using probabilistic techniques.
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